Sound propagation under ice in the Baltic is of interest for military as well as civilian purposes. Important questions are, for example, how sonar systems are affected by ice in shallow waters and how marine mammal life under ice is affected by ship traffic. Changing climate and increasing ship traffic are factors of great concern also in the Arctic region. Modeling results for sound propagation under ice in the Baltic Sea are presented, focusing on high frequencies. The sound propagation is influenced by bottom as well as ice-cap interaction in these shallow waters. The low-and high-frequency modeling is performed with wavenumber and ray models, respectively. Both types of models are amended to include a solid ice layer on top of the water column. In addition, the modeling efforts are extended to study the performance of an underwater communication system developed at FOI. Sea trials in the Gulf of Bothnia are planned, under ice-covered as well as ice-free conditions, to evaluate the modeling results.
INTRODUCTION AND SUMMARY
Possible developments spurred by the climate change concern issues ranging from the changing strategic nature of the Arctic region over civilian aspects to defence and security related ones, including environmental effects on sensor systems. Sweden's naval forces may need to consider participation in future international operations or exercises in the Arctic. Thus, there is a need for development of tools and environmental knowledge that allow assessment of sensor system performance under conditions similar to those of the Arctic.
The purpose here is to develop methods suited for studying acoustic wave propagation and underwater communication in arctic areas or in the Baltic Sea or Bothnian Sea covered by ice. In winter time the Baltic Sea is covered by ice in the Riga and Finnish Bays, and in the coastal areas. Occasionally, during severe winters, ice also covers the open areas at sea. The Baltic Sea is here referred to as reaching up to theÅland archipilago between Finland and Sweden. North of this one refers to the sea as the Bothnian Sea which is covered more or less by ice even during normal winters [1] .
As a preliminary step we extend a three-dimensional ray tracing model to include effects from an ice cover exhibiting a varying thickness, or roughness. Such boundaries may play an important role in predictions of transmission loss of underwater sound propagation, particularly at higher frequencies. Here a sound source emitting signals at about 12 kHz is assumed which will permit comparisons of the present model predictions with sea trial data in a forthcoming study this year.
Studies of ice subsurface roughness in the Baltic Sea are rare. In [2] one obtained several scales of roughness, among which the small 2.5 m scale gave significant contribution to the total variability of ice thickness and other parameters like salinity. Airborne measurements using L-band radiometer [3] or airborne electromagnetic (EM) induction [4] techniques give other examples but with lower resolution. A portable EM induction device was compared with drillhole determined ice thickness in the Arctic [5] and showed quite similar results allowing the ice thickness to be measured every 4 m. Mean ice thicknesses along different profiles varied between 1 -3 m with standard deviations being quite different for different profiles. An early measurement of ice thickness and its variation using drillholes every 2 m in the Arctic also gave rather similar results [6] . Other studies concentrated on larger variations from keels and ridges [7] , [8] .
Thus, to study the shallow waters of the Baltic, or the Bothnian Sea, we include both a model bottom and a three-dimensional model of the ice cover. The validity of the ray tracing model is compared to an exact wavenumber integration method [9] for a planar ice sheet without roughness evaluated at 12 kHz frequency. The ice subsurface roughness is introduced through variation of the ice depth around a mean value of 1.0 m using a uniform distribution of depth values between 0.8 and 1.2 m, giving a rather modest variance. The horizontal variation in depth is sampled every two meters.
The ray tracing model including the the ice sheet boundary is explained in the next section. The results demonstrate a significant increase in transmission loss due to the presence of the rough ice subsurface when azimuthal symmetry is assumed, i.e. a two-dimensional case. In the three-dimensional case with no azimuthal symmetry the increase in transmission loss is drastic, indicating the importance of using three-dimensional models when assessing sonar performance.
Acoustic underwater communication has been studied at FOI for some time both theoretically and experimentally using robust, iterative equalization methods and turbo codes [10] . Extending an in-house underwater communication modeling tool [10] to include the three-dimensional ray tracing model alluded to above, underwater communication under rough ice is studied next. Considering the decrease in received signal-to-noise ratio and possibly prolonged time delay profiles from increased multipath caused by the presence of the ice we expect shorter communication ranges or increased bit error rates compared to ice-free situations.
The theoretical results obtained here will be extended to include modifications of the ice roughness model and a sea trial is planned to take place in a forthcoming winter month in the Baltic Sea or Bothnian Sea where the model results will be evaluated against experimental data.
THE REV3D PROPAGATION MODEL
REV3D is a ray model for computation of transmission loss, propagation time series, and reverberation in shallow-water environments. In its original version, see [11] and [12] , incoherent summation of ray contributions was used. For applications to underwater acoustic communications, a version with dynamic ray tracing, coherent ray summation, and inclusion of Doppler effects has recently been developed [10] . Some extensions have now been made to handle a possible ice sheet on top of the water column. The description in the present section focuses on these new features of the model. As implied by its name, REV3D is a 3-D code. For simplicity, however, the following description is restricted to 2-D.
Ray-Tracing in 2-D
A left-hand Cartesian xz coordinate system is introduced with horizontal coordinate x and depth z. The sound speed in the water is represented by range-independent profiles within horizontal x segments. In each segment, the variation of the sound speed c with depth z is assumed to be of the "1/c 2 linear" type. Hence, each ray is built up as a sequence of parabolic arcs. Bottom depths are given explicitly at the grid points for the horizontal segments, and linear interpolation is used in between. It follows that the intersections of a ray with the bottom can be calculated by solving second-degree algebraic equations.
An ice layer on top is introduced in a similar way, by additionally giving ice thickness data at the bottom-depth grid points. Again, linear interpolation is used in between, and the intersections of a ray with the ice layer can be calculated by solving second-degree algebraic equations.
Complex plane-wave reflection coefficients are computed for the interaction with the bottom. These reflection coefficients are computed for a bottom structure with plane fluid or solid layers locally following the bottom slope at the particular reflection point. Hence, the reflection coefficients become functions of frequency as well as incidence angle. No ray tracing is performed through the bottom.
The ice layer is treated differently, however, with explicit ray tracing through the ice. When a ray impinges on the ice from the water, the plane-wave water-ice reflection and transmission coefficients are calculated. In principle, there are three outgoing waves: a reflected compressional wave into the water, and transmitted compressional and shear waves into the ice. In order not to get a dramatic increase of rays to follow upon repeated interactions, only one of these rays is traced. The choice is made by consideration of the energy flux normal to the water-ice interface at the interaction point. In the elastic case, without absorption effects, the flux of the incident wave is partitioned among the outgoing ones. The particular outgoing wave is chosen by randomization, with probabilities according to the energy flux partitioning. A large number of rays is emitted from the source, and reflections and transmissions are obtained in appropriate amounts in this way. Unfortunately, coupling terms appear and the energy flux partitioning is not valid when absorption is introduced. Nevertheless, the randomization is still applied, which should be an acceptable approximation since the ice (and water) absorptions are reasonably small, in terms of dB per wavelength, at the frequencies considered (about 12 kHz).
A ray that has been transmitted into the ice layer may be reflected at the surface and reflected or transmitted back into the water when subsequently meeting the ice-water interface. These interactions are also handled by randomization according to the expected energy flux partitioning. At the surface, a choice is to be made between a reflected compressional or shear wave. At the ice-water interface, the choice is between a reflected compressional wave, a reflected shear wave, and a wave transmitted into the water.
Only a homogeneous ice layer has been implemented so far. The ice layer should have a thickness of at least a few wavelengths for the ray approximation to be valid.
For the following description, the direction vector of a ray is written e r . It can be expressed as e r = (cos ϕ, − sin ϕ)
in the introduced x,z coordinate system. In particular, ϕ is the angle to the horizontal plane, positive upwards. The initial values for x,z, and ϕ at the source are denoted x s ,z s , and ϕ s , respectively. Upon reflection from a sloping bottom or ice interface, it may happen that the x coordinate of e r changes from positive to negative, or vice versa. For simplicity of notation, the description given here is restricted to propagation in the direction of increasing x, with |ϕ s | < π/2 and |ϕ| < π/2.
Kinematic Ray-Tracing
The kinematic ray-tracing has been described in [10] , but possible reflection and refraction at the water-ice, ice surface, and ice-water interfaces necessitates some amendment. Upon interaction, the direction vector e r of the ray is changed according to Snell's law to e r = C q e r + Γe n (2)
where e n is the unit normal of the interface at the interaction point, C q is the quotient of the pertinent sound velocities after and before the interaction, and overlining is used to denote the situation directly after the interaction. The constants H and Γ = H − C q (e r · e n ) are obtained from |e r | = 1 and the condition that H and e r · e n have the same (opposite) sign upon refraction (reflection). It follows readily that
The angle ϕ is obtained form the "overline version" of (1).
Dynamic Ray-Tracing
The source at (x s ,z s ) is assumed to be a three-dimensional point source, and geometrical spreading takes place in the azimuthal dimension as well. As in [10] , ray-centered left-handed Cartesian coordinate systems with coordinates r,u and unit vectors e r ,e u are introduced along the ray. The unit vector e r has already been defined by (1) , and the remaining unit vector e u is defined by
It is useful to note that the ray direction vector e r at a point (x, z) is changed to e r + de r at (x + dx, z + dz) with de r = dϕ e u .
The basics for following the change of geometrical spreading along the ray have already been presented in [10] . It only remains to determine how the differential change of ray direction is affected by reflection and refraction at the water-ice, ice surface, and ice-water interfaces.
The "overline version" of (6) shows that
and the problem is to determine de r . Differentiation of (2) immediately gives
Given the differential change (dx, dz) of position along the interface, the required expressions for dC q , de n , and dΓ (involving dH as determined from (4)) are readily obtained. For a piecewise linear water-ice interface, de n apparently vanishes.
ICE EXAMPLE
Possible effects of ice roughness are illustrated in this section. Homogeneous ice is assumed, with compressional and shear velocities 3500 and 1800 m/s, respectively. The corresponding absorption values are 0.4 and 1.0 dB per wavelength, respectively, and the ice density is set to 900 kg/m 3 . The sound velocity profile in the water is upward refracting, with an increase from 1416 m/s at the surface to 1423 m/s at the bottom, which is at a depth of 62 m.
The bottom consists of clay and moraine. There is a clay layer on top, with thickness 2 m, sound speed increasing from 1500 to 1550 m/s, density 1300 m/kg 3 , and absorption 0.5 dB/wavelength. A 3 m thick upper moraine layer follows, with sound speed increasing from 1850 to 1900 m/s, density 2100 m/kg 3 , and absorption 0.4 dB/wavelength. The lowest part is a moraine half-space with sound speed 2700 m/s, density 2400 m/kg 3 , and absorption 0.2 dB/wavelength. 
Flat Ice
An ice layer with constant thickness 0.8 m is considered first. Figure 1 shows the corresponding TL results as obtained with the ray model REV3D (left panel) and the wavenumber integration model RPRESS (right panel). The latter model is available in the Ocean Acoustics Library oalib [13] . It provides very accurate results for range-independent media, but it is not further described here.
The TL results in the two panels are reasonably similar concerning general average trends and levels. There is a tendency to higher levels (smaller TL) at the lower receivers, which are closer in depth to the source. For a source at depth 20 m, the highest levels appear at the shallow receivers (not shown). Compared to the previous Fig. 1 , significantly increased TL is obtained. This is a well known effect of ice roughness [9, p. 307]. Smaller incidence angles from water to ice occasionally appear, facilitating penetration into the ice where significantly increased loss is suffered. Most of the penetration occurs with shear waves transmitted into the ice. If the assumption of azimuthal symmetry is relaxed, 3-D modeling is needed. For the right panel of Fig. 2 , the ice thickness is picked randomly and independently at the nodes in a Cartesian grid with grid size 2 m covering the sea surface. Bilinear interpolation is used to determine the ice depth between the nodes. The 3-D scattering effects are apparently very large, as seen by comparing the TL results in the two panels of Fig. 2 .
The pressure levels in the right panel of Fig. 2 are very low initially, for the first few hundreds of m. Since 3-D computations are costly, a narrow lobe is emitted, lobe width the effects on the long-range pressure levels are small.
Initial computations indicate that the influence of the bottom properties can be increased by sea-ice roughness. Ray steepening may occur upon reflection from a rough water-ice interface, implying enhanced bottom interaction.
IMPLICATIONS FOR UNDERWATER COMMUNICATION
An underwater communication trial was performed in Strindfjorden east of Trondheim in Norway in 2011. Some results from this trial have been reported in [10] . In particular, bit error rates at communication over distances of some 10 km at frequencies of about 10 kHz were successfully predicted by ray modeling.
A complementary modeling study has now been performed, for winter conditions with an upward refracting sound speed profile. Increased bit error rates are predicted if a rough ice sheet is included at the sea surface. The upward refracting profile enforces interaction with the rough ice, implying losses and less coherent multipath arrivals.
